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We calculate the bulk-viscous dissipation time for adiabatic density oscillations in nuclear matter
at densities of 1–7 times nuclear saturation density and at temperatures ranging from 1 MeV, where
corrections to previous low-temperature calculations become important, up to 10 MeV, where the
assumption of neutrino transparency is no longer valid. Under these conditions, which are expected
to occur in neutron star mergers, damping of density oscillations arises from beta equilibration via
weak interactions. We find that for 1 kHz oscillations the shortest dissipation times are in the 5
to 20ms range, depending on the equation of state, which means that bulk viscous damping could
affect the dynamics of a neutron star merger. For higher frequencies the dissipation time can be
even shorter.
I. INTRODUCTION
The observation of gravitational waves from neutron
star mergers [1] has drawn attention to the importance
of understanding the properties of nuclear matter at the
densities and temperatures attained in mergers. Recent
studies [2, 3] of the gravitational wave signals estimate
that the two neutron stars involved in GW170817 reached
central densities of at least twice nuclear saturation den-
sity (nsat ≡ 0.16 fm−3). Numerical simulations [4–12]
find that during the first 10 to 20 ms after the neutron
stars make contact the material at densities of up to sev-
eral times nsat can reach temperatures of many tens of
MeV, perhaps up to 80 [5, 6] or even 100 MeV [4], and
co-moving fluid elements are subjected to strong density
oscillations at a typical frequency of 1 kHz [13]. This
raises the possibility of bulk viscosity in nuclear matter
playing an important role if it is strong enough to damp
those oscillations on a short enough timescale to affect
the dynamics of the merger1.
An initial estimate for npeµ matter [13] suggested that
the bulk viscous dissipation time could be extremely
short: in the range of a few milliseconds. In this work we
focus on npe matter in the neutrino-transparent regime
(T . 5 to 10MeV [14–18]), where neutrinos escape from
the merger region, and make a detailed study. We calcu-
late the dependence of the bulk viscous dissipation time
on density and temperature, and we explore its sensi-
tivity to the equation of state. We find that the lowest
dissipation times occur at temperatures of about 3MeV,
which lies in the neutrino-transparent regime, since neu-
trinos with energies of 3MeV have mean free paths on
the order of a few kilometers[14, 17, 18]. For very low
densities (nB ≈ 0.5nsat), the dissipation time of 1 kHz
oscillations is as low as 5 ms. At densities above nsat, the
dissipation times can be as low as 20 ms. These times
are similar for both equations of state that we study.
Bulk viscosity for oscillations in the kHz range arises
1 We use the term “merger” to refer to the late stages of the inspiral
as well as the process that begins when the stars touch.
from beta equilibration via weak interactions. Neutrino
transparency means there is no Fermi sea of neutrinos,
so in the relevant Urca processes neutrinos only occur in
final states [19, 20]. This deviation from detailed balance
leads to corrections to the standard Fermi Surface (FS)
approximation when the temperature rises above about
1MeV [14]. Those corrections are included in our calcu-
lations.
We work in natural units, where ~ = c = kB = 1.
All data presented in our figures can be found in the
Supplemental Material [21].
II. NUCLEAR MATTER AND THE URCA
PROCESS
Beta equilibration establishes the stable proton frac-
tion via Urca processes. In this work we will focus on
processes involving electrons, leaving muon contributions
for future investigation. If there is a deficit of protons,
protons are created via the neutron decay processes
n → p+ e− + ν¯e direct Urca
n+N → N + p+ e− + ν¯e modified Urca (1)
Here, N denotes a spectator neutron or proton. If there is
a deficit of neutrons, neutrons are created via the electron
capture processes
e− + p → n+ νe direct Urca
N + e− + p → N + n+ νe modified Urca (2)
The direct Urca process is in general faster than the
modified Urca process, since it involves two fewer parti-
cles.
The rate of the direct Urca neutron decay and electron
capture processes are given by the twelve dimensional
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2phase space integrals [19]
ΓdU,nd =
∫
d3pn
(2pi)
3
d3pp
(2pi)
3
d3pe
(2pi)
3
d3pν
(2pi)
3
∑
spins |MdU|2
24E∗nE∗pEeEν
(3)
× (2pi)4 δ4(pn − pp − pe − pν)fn (1− fp) (1− fe)
ΓdU,ec =
∫
d3pn
(2pi)
3
d3pp
(2pi)
3
d3pe
(2pi)
3
d3pν
(2pi)
3
∑
spins |MdU|2
24E∗nE∗pEeEν
(4)
× (2pi)4 δ4(pn − pp − pe + pν) (1− fn) fpfe,
where fi = 1/{1 + exp[(Ei−µi)/T ]} are the Fermi-Dirac
distributions for species i = n, p, or e with chemical po-
tential µi and the matrix element is [19]∑
spins
|MdU|2 = 32G2E∗nE∗pEeEν
×
(
1 + 3g2A +
(
1− g2A
) pe · pν
EeEν
)
, (5)
where G2 = G2F cos
2 θc = 1.29 × 10−22MeV−4 and
gA = 1.26. We will describe the nucleon energy dis-
persion relations and discuss the significance of using E∗
instead of E for the nucleons in Sec. VA. We note here
that the matrix elements in [14] denoted 〈|M|2〉 are in
fact
∑
spins |M|2/(2E1 × 2E2 × ... × 2En) for a process
with n particles in the initial and final states combined.
The rate of modified Urca neutron decay and electron
capture with a nucleon spectator is given by the eighteen
dimensional phase space integrals given in [22].
III. BULK VISCOSITY IN THE FERMI
SURFACE APPROXIMATION
A. Urca rates
At low temperatures T . 1 MeV [14], where the Fermi
surfaces are sharply defined, we can make the approx-
imation that only particles near the Fermi surface can
participate in Urca processes. We call this the “Fermi
Surface (FS) approximation”. At these temperatures the
beta equilibrium condition is [19, 20]
µn = µp + µe (Fermi Surface approx) . (6)
This condition enforces the equality of Urca rates for
proton production and proton capture, yielding a pro-
ton fraction that is constant in time [23]. In the Fermi
Surface approximation the phase space integrals (Sec. II)
can be simplified by fixing the momentum magnitudes to
the corresponding Fermi momenta.
In the Fermi surface approximation, the direct Urca
matrix element (Eq. 5) simplifies to∑
spins
|MdU|2 = 32G2(1 + 3g2A)E∗nE∗pEeEν (7)
under the assumption of non-relativistic nucleons [19]. In
the Fermi Surface approximation, in (low-temperature)
beta-equilibrium (Eq. 6) the rate of direct Urca neutron
decay and direct Urca electron capture are equal and are
given by [14, 19, 24]
ΓdU,nd = ΓdU,ec = AdUG
2
(
1 + 3g2A
)
mnmppFeϑdUT
5
(8)
ϑdU ≡
{
0 if pFn > pFp + pFe
1 if pFn < pFp + pFe,
AdU ≡ 3
(
pi2ζ(3) + 15ζ(5)
)
/(16pi5) ≈ 0.0170 .
We see that in this approximation, the direct Urca pro-
cess has a density threshold, above which the process is
kinematically allowed.
In the Fermi surface approximation, the neutron-
spectator modified Urca rates (both neutron decay and
electron capture, which are equal in beta equilibrium
(Eq. 6)) are given by
ΓmU,n = AmUG
2f4piNNg
2
A
m3nmp
m4pi
p4FnpFp
(p2Fn +m
2
pi)
2 ϑn T
7 ,
(9)
ϑn ≡

1 if pFn > pFp + pFe
1− 3
8
(pFp + pFe − pFn)2
pFppFe
if pFn < pFp + pFe
and the proton-spectator modified Urca rates are given
by [14, 19]
ΓmU,p =
AmU
7
G2f4piNNg
2
A
mnm
3
p
m4pi
× pFn(pFn−pFp)
4(
(pFn−pFp)2 +m2pi
)2 ϑp T 7 (10)
ϑp ≡

0 if pFn > 3pFp + pFe
(3pFp + pFe − pFn)2
pFnpFe
if pFn > 3pFp − pFe
pFn < 3pFp + pFe
4
3pFp − pFn
pFn
if 3pFp − pFe > pFn
pFn > pFp + pFe(
2 + 3
2pFp − pFn
pFe
− 3(pFp − pFe)
2
pFnpFe
)
if pFn < pFp + pFe .
B. Bulk viscosity
Consider a fluid element of nuclear matter subjected
to a small-amplitude, periodic baryon density oscillation
nB(t) = nB + ∆n sinωt , (11)
3where ∆n  nB . Since the equilibrium proton fraction
varies with density, changing the density will temporarily
push the nuclear matter out of beta equilibrium by an
amount [19, 25, 26]
µ∆ ≡ µn − µp − µe . (12)
We will consider only “subthermal” density oscillations
where µ∆  T . In response to the density change, the
nuclear matter will try to reestablish beta equilibrium via
the Urca process which has a characteristic rate γ(nB , T )
[19]. The bulk viscosity of neutrino-transparent nuclear
matter is given by [27–29]
ζ =
C2
B
γ
ω2 + γ2
, (13)
where B and C are susceptibilities of the nuclear matter
which depend on the equation of state but not on the
weak-interaction equilibration rate,
B = − 1
nB
∂µ∆
∂xp
∣∣∣∣
nB
,
C = nB
∂µ∆
∂nB
∣∣∣∣
xp
. (14)
In this paper we assume that there is negligible heat flow
between adjacent fluid elements during the merger. This
is valid as long as the thermal equilibration time in the
absence of neutrinos is much longer than about 10ms.
From Eq. (1) of Ref. [13] this will be true as long as
density oscillations (and the resultant thermal gradients)
have wavelengths longer than about a meter. This crite-
rion is obeyed in current simulations, whose spatial reso-
lution is tens of meters at best. Since heat does not flow
we use adiabatic susceptibilities, evaluating the deriva-
tives Eq. 14 at constant entropy per baryon S/NB , or
equivalently, at constant entropy density per baryon den-
sity s/nB . See App. A for a comparison of adiabatic and
isothermal thermodynamic quantities.
The equilibration rate γ = Bλ, where
λ =
∂(Γn→p − Γp→n)
∂µ∆
∣∣∣∣
µ∆=0
. (15)
In the Fermi Surface approximation, we can analytically
compute λ from Eqs. 8,9, and 10, [19, 29–32]
λ = λdU + λmU,n + λmU,p, (16)
where
λdU =
17
240pi
G2(1 + 3g2A)mnmppFeT
4 , (17)
λmU,n =
367
1152pi3
G2g2Af
4
piNN
m3nmp
m4pi
× p
4
FnpFp
(p2Fn +m
2
pi)
2
ϑnT
6 , (18)
λmU,p =
367
8064pi3
G2g2Af
4
piNN
mnm
3
p
m4pi
× pFn(pFn − pFp)
4
((pFn − pFp)2 +m2pi)2
ϑpT
6 . (19)
From Eq. 13 it follows that, for an oscillation of fixed
frequency ω, the bulk viscosity has a resonant maximum
when the equilibration rate (which varies as a function
of density and temperature) coincides with the oscilla-
tion frequency, i.e., when γ(nB , T ) = ω. A major goal
of this paper will be to map the regions in density and
temperature where this maximum is achieved.
IV. INTERMEDIATE TEMPERATURES
A. Urca process at intermediate temperatures
Below the direct Urca threshold, neutrons, protons,
and electrons on their Fermi surfaces cannot participate
in the direct Urca process while conserving energy and
momentum. Direct Urca still occurs, but it involves par-
ticles away from their Fermi surfaces, and so the rate
is Boltzmann suppressed. As temperatures rise above 1
MeV, up to the neutrino trapping temperature, the Boltz-
mann suppression lessens, and the direct Urca rate be-
comes comparable to and then, eventually, greater than
the modified Urca rate, thus broadening the direct Urca
threshold. In contrast, the presence of a spectator nu-
cleon means that neutrons, protons, and electrons close
to their Fermi surfaces can participate in a modified Urca
process, and so the Fermi surface approximation is still
appropriate for modified Urca, even at the moderately
high temperatures that we consider [14].
The beta equilibrium condition becomes
µn = µp + µe + µδ , (20)
where the additional chemical potential µδ arises from
the absence of detailed balance: neutron decay and elec-
tron capture processes are not exact inverses of each
other. µδ is a function of temperature and baryon den-
sity, and its value is determined by the requirement that
the rates for neutron decay and electron capture rates
must balance [14]. These rates include direct Urca contri-
butions, calculated by integration of the full phase space,
and modified Urca contributions for which we can use
the Fermi Surface approximation as described in the ap-
pendix of Ref. [14].
4IUF	EoS
n	↔	p	rate
(exact)
n	↔	p	rate
(FS	approx.)
T	=	4	MeV
Γ	
(M
eV
4 )
10−14
10−13
10−12
Baryon	number	density	(units	of	n0)
0 1 2 3 4 5 6 7
Figure 1: Total Urca rates (direct plus modified) in beta
equilibrium for the IUF EoS at T = 4 MeV. The dashed
(black) curve is the Fermi Surface approximation to the
Urca rates, using the low-temperature beta equilibrium
criterion Eq. 6. The solid (blue) curve is the total Urca
rate with the full phase space integral, and using the
general beta equilibrium condition Eq. 20
.
To illustrate the breakdown of the Fermi Surface ap-
proximation at temperatures relevant for neutron star
mergers, we show in Fig. 1 the comparison between rates
calculated in the Fermi Surface approximation (using
the low-temperature beta equilibrium condition Eq. 6)
and the full phase space integration (with the general
beta equilibrium condition Eq. 20). We show the neu-
tron decay rate, which is equal to the electron capture
rate in each case, calculated for neutrino-transparent nu-
clear matter described by the IUF equation of state, de-
scribed below. We see that at T = 4 MeV the Fermi sur-
face approximation makes the direct Urca threshold seem
unphysically sharp, underestimating the below-threshold
rates by an order of magnitude and overestimating the
above-threshold rates by a factor of 3 to 5.
B. Bulk viscosity at intermediate temperatures
To calculate bulk viscosity at temperatures where the
Fermi Surface approximation is not valid, we use the ap-
propriate characterization of the deviation from equilib-
rium,
µ∆ = µn − µp − µe − µδ . (21)
When µ∆ = 0 the system is in true beta equilibrium
(20). In this regime, the equilibration rate λ (Eq. 16) no
longer has a simple analytic form, as the direct Urca rates
(3) and (4) can only be simplified to three-dimensional
numerical integrals [14]. We obtain λ by calculating the
difference Γn→p − Γp→n at proton fractions around the
beta equilibrium value where the rates are equal. The
slope of the difference as a function of µ∆ at µ∆ = 0 is
λ.
V. RESULTS
A. Models of nuclear matter
To gauge the sensitivity of our results to the equa-
tion of state of nuclear matter, we will use two represen-
tative equations of state, one stiffer (DD2[33, 34]) and
one softer (IUF [33, 35, 36]). Both are tabulated at the
CompOSE website (https://compose.obspm.fr/eos/
18/ and https://compose.obspm.fr/eos/22/). Both
are relativistic mean field theories, where nucleons in-
teract strongly by exchanging sigma, omega, and rho
mesons. The couplings between the mesons and nuclei
are chosen to reproduce nuclear observables like the nu-
clear binding energy, saturation density, symmetry en-
ergy, incompressibility, among others [37–39]. Aside from
the standard nucleon-meson linear couplings, the IUF
model has self-interactions in the sigma and omega fields,
plus interactions among the mesons (see Eq. 7 in [38]).
DD2 has the standard linear nucleon-meson couplings,
but instead of nonlinear self-interactions or meson-meson
interactions, it promotes the nucleon-meson couplings to
density-dependent functions [38]. DD2 has no direct
Urca threshold (ie, direct Urca is kinematically forbid-
den at all densities in the Fermi surface approximation)
(see Fig. 2 in [13]), while IUF has a direct Urca threshold
near 4nsat. The maximum mass neutron star for DD2 is
2.42M and for IUF it is 1.96M.
In our calculations we assume the neutrinos and elec-
trons are ultrarelativistic free particles, and nucleonic ex-
citations have the dispersion relation [15, 40]
Ei = Ui +mi +
p2i
2mi
for i = (p, n) (22)
where Ui, the nuclear mean field, is chosen as a func-
tion of density and temperature so that the Fermi energy
EF,i ≡ Ei(pF,i) matches the chemical potential µi for the
given EoS. For the mass mi, we use the rest mass in vac-
uum. The microscopic origin of the nuclear mean field
can be understood through the framework of relativistic
mean field theories, where the mean field U is a function
of the vacuum expectation values of the ω and ρ mesons
which are the strong force carriers between nucleons [41].
As alluded to in Sec. II, the neutron and proton en-
ergies can be written as Ei = Ui + E∗i , where E∗i =
mi + p
2/(2mi). In the rate calculations (3) and (4), E∗
5should be used for the energies in the matrix element and
in the energy factors in the denominator, while E should
be used in the energy delta function and the Fermi Dirac
factors [15, 41, 42]. However, in the approximation we
used for the direct Urca matrix element (7), the E∗ fac-
tors cancel out.
B. Bulk viscosity
In Fig. 2, we show the bulk viscosity of nuclear mat-
ter with the DD2 and IUF EoS, when subjected to a 1
kHz density oscillation, which is a typical frequency for
neutron star mergers [13]. The dashed lines are the bulk
viscosity with Urca rates calculated in the Fermi Surface
approximation while the solid lines use the exact Urca
rates.
In Fig. 2(a), corresponding to the DD2 EoS, the exact
bulk viscosity peaks at a temperature that is 1-2MeV
lower than would be predicted by the Fermi Surface ap-
proximation. This is because DD2 never allows direct
Urca (the threshold is at infinite density), and we know
(see Fig. 1) that the Fermi Surface approximation un-
derestimates the below-threshold Urca rate. This means
that in the Fermi Surface approximation the tempera-
ture must be pushed up to a higher value in order for
the equilibration rate to match the oscillation frequency,
which is where the resonant peak occurs (Sec. III B).
In Fig. 2(b), corresponding to the IUF EoS, which has
a direct Urca threshold near 4n0. Here we see two distinct
behaviors. For densities n0 and 3n0, which are below
threshold, the behavior is similar to that seen for DD2:
the Fermi Surface approximation only includes modified
Urca processes, but the exact calculation includes below-
threshold direct Urca processes which increase the total
rate, moving the resonant peak to lower temperatures.
Above the threshold density, the Fermi Surface approxi-
mation for direct Urca overestimates the total Urca rate,
since the exact phase space integration leads to only a
gradual opening of the phase space around the direct
Urca threshold, hence the resonant peak moves to higher
temperatures than predicted by the Fermi Surface ap-
proximation.
As can be seen from Eq. 13, the maximum value of
bulk viscosity at a frequency ω is
ζmax =
C2
2Bω
. (23)
In Fig. 3 we plot C2/B = 2ωζmax for a representative
range of densities and temperatures for which nuclear
matter is likely neutrino-transparent. We see that for
a given frequency, the maximum value of bulk viscos-
ity varies by 1-2 orders of magnitude, and depends more
strongly on density than on temperature. Most notably,
we can see that C2/B rises rapidly at low densities, then
levels off at n ∼ 2nsat to a value about an order of mag-
nitude larger then its value at n = nsat. (This could
already be seen in Fig. 2).
In Fig. 4, we plot the bulk viscosity as a function of
density and temperature (the curves in Fig. 2 are cross-
sections through Fig. 4). For a fixed density, as the tem-
perature rises, the beta equilibration rate γ rises rapidly
because of the increase in available phase space. At tem-
peratures of a few MeV, the reequilibration rate closely
matches the oscillation frequency of 1 kHz, then bulk vis-
cosity reaches a maximum. At higher temperatures, the
reequilbration is too fast and the bulk viscosity drops.
We see that for the DD2 EoS, the bulk viscosity peak is
at a temperature of about 3 MeV for all densities, which is
a lower temperature than predicted by the Fermi surface
approximation. For IUF, the FS approximation would
suggest two different peaks in bulk viscosity: one be-
low the direct Urca threshold corresponding to the near-
equality of the modified Urca rate and the density os-
cillation frequency, and one above the threshold, corre-
sponding to the near-equality of the direct Urca rate and
the density oscillation frequency. However, the gradual
opening of the direct Urca threshold coming from the ex-
act direct Urca calculation melds these two peaks into
one broad peak. At low density, the peak is at 3-4 MeV,
but as density increases it moves down to 2 MeV.
C. Energy dissipation time
The most direct indicator of the importance of bulk
viscous damping is the dissipation time τdiss for den-
sity oscillations. Since the merging stars settle down
into a massive remnant in tens of milliseconds, bulk vis-
cous damping will be important if τdiss is tens of mil-
liseconds or less. To calculate the dissipation time, we
need the energy of an oscillation and the rate at which
that energy is dissipated by bulk viscosity. The en-
ergy density of an adiabatic baryon density oscillation
nB(t) = nB + (∆n) sin (ωt) is [13]
ε =
1
2
(∆n)2
∂2ε
∂n2B
∣∣∣∣
xp,s/nB
=
κ−1S
2
(
∆n
nB
)2
, (24)
where κS is the adiabatic compressibility[43, 44]
κ−1S = nB
∂P
∂nB
∣∣∣∣
xp,s/nB
. (25)
See Sec. III B for a discussion of the assumption of adia-
baticity.
We note that the adiabatic compressibility depends on
the EoS. However, it is a common feature of all nucleonic
EoSs that nuclear matter becomes more incompressible
at high densities, so the inverse compressibility 1/κS rises
with density, as shown in Fig. 5 for a range of EoSs includ-
ing those used in this work. This means that at higher
density, oscillations in the density store more energy.
To facilitate comparison with previous work (for ex-
ample, [13]), we mention that the “stiffness” of nuclear
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Figure 2: Bulk viscosity of nuclear matter as a function of temperature, for densities of n0, 3n0, 5n0 when
undergoing a density oscillation at 1 kHz. The equation of state is DD2 (a) or IUF (b). Thin, dotted lines are the
Fermi Surface approximation. Thick, solid lines use the exact Urca rates.
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Figure 3: Logarithmic plot of the ratio of susceptibilities C2/B = 2ωζmax that determines the maximum bulk
viscosity at a given oscillation frequency. We show results for the DD2 (a) and IUF (b) equations of state, calculated
in beta equilibrium (Eq. 20).
matter is often described via the nuclear incompressibil-
ity K [20, 37, 45]. K is conventionally defined at satura-
tion density, zero temperature, and for symmetric nuclear
matter, and is approximately 250MeV [39]. Some works
have extended the definition of the nuclear incompress-
iblity to densities above nuclear saturation [46]. At zero
temperature, nsat, and for symmetric nuclear matter, the
adiabatic κS can be related to the nuclear incompressibil-
ity K by K = 9/(κSn0) [44, 45].
The rate of energy density dissipation is given by [27,
47]
dε
dt
=
ω2
2
(
∆n
nB
)2
ζ . (26)
Using Eq. 24, the energy dissipation time is
τdiss ≡ ε
dε/dt
=
(κS)
−1
ω2ζ
. (27)
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Figure 4: Bulk viscosity as a function of density and temperature, for the DD2 (a) and IUF (b) EoSs. The full phase
space integral for the direct Urca rate is used in the solid line contours, while the 28.5 dashed contour uses the FS
approximation.
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Figure 5: Adiabatic inverse compressibility (κS)−1 at
low temperature, versus density, for several EoSs
derived from relativistic mean-field theories. Each is
tabulated on CompOSE.
Note that one can also define [48] a decay time for the
amplitude, which would be longer by a factor of two since
the energy of an oscillation goes as the square of the
amplitude.
In Fig. 6, we plot the dissipation time of a 1 kHz density
oscillation as a function of density and temperature for
two different EoSs, using the exact Urca rates. We first
discuss the physical content and implications of the exact
results (Fig. 6), then compare them to the Fermi Surface
approximation, shown in Fig. 7.
Temperature dependence. The adiabatic compressibility
is relatively independent of temperature, so the bulk vis-
cosity dominates the temperature dependence of the dis-
sipation time. As discussed in Sec. VB, for a given den-
sity, the bulk viscosity increases, reaches a resonant max-
imum when the beta reequilibration rate γ matches the
oscillation frequency ω, and then decreases as tempera-
ture increases. This leads to minimum dissipation time
at approximately the temperature at which the bulk vis-
cosity reaches its maximum, for a given density.
Density dependence. The adiabatic inverse compressibil-
ity strongly increases as a function of density, as seen in
Fig. 5. While the bulk viscosity was weakly dependent on
density, the dissipation time at high density is strongly
increased due to the several order-of-magnitude rise of
the adiabatic inverse compressibility. Physically, oscilla-
tions in high density nuclear matter have a lot of energy
due to the high incompressiblity of dense nuclear matter
(see Eq. 24). Thus, it takes correspondingly longer time
for those high energy oscillations to damp. As a result
of the behavior of the compressibility of nuclear matter,
the minimum of dissipation time is likely to be located
at a low density.
It is worth noting that the bulk viscosity varies non-
monotonically with density. It rises as density increases
from 0.5nsat, reaches a peak at several times nsat, and
then falls off at high density. This can be seen by noting
that the maximum bulk viscosity is ζmax = (1/2ω)C2/B
(Eq. 23), which is plotted in Fig. 3. It is clear that the
particular features of the rise and fall in bulk viscosity
as a function of density depend on the EoS. Throughout
the range of densities that we consider, the bulk viscos-
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Figure 6: Dissipation time τdiss of a 1 kHz density oscillation, using the DD2 EoS (a) and IUF EoS (b), with the
exact Urca rates.
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Figure 7: Dissipation time τdiss of a 1 kHz density oscillation, using the DD2 EoS (a) and the IUF EoS (b),
calculated in the Fermi Surface approximation.
ity prefactor C2/B varies by 1-2 orders of magnitude.
However, the inverse compressibility rises by three or-
ders of magnitude over that density range, so it has a
more substantial effect on the density dependence of the
dissipation time.
For the DD2 EoS, as seen in Fig. 6(a), the minimum
dissipation times lie around temperatures of 3 MeV for all
densities, indicating that the reequilibration rate doesn’t
change strongly with density, which is expected since only
modified Urca and below-threshold direct Urca are act-
ing. As a function of density, the dissipation times get
longer as density increases. This behavior comes from
the dramatic monotonic rise of the inverse compressibil-
ity as a function of density. The bulk viscosity prefactor
C2/B rises by one order of magnitude from 0.5nsat to 3
or 4 nsat, and then slightly decreases at higher densities,
but it doesn’t vary rapidly enough to compete with the
rise of the inverse compressibility, and thus the dissipa-
tion time rises monotonically with density. DD2 has a
minimum dissipation time of about 6 ms, which occurs
only at low density (0.5nsat) at temperatures of just un-
der 3 MeV. Only fluid elements with densities under twice
saturation density would dissipate energy on timescales
relevant for mergers.
As seen in Fig. 6(b), the behavior of the dissipation
time scale for the IUF EoS is more complicated. The low-
9est dissipation times do occur at temperatures of around
3 MeV, since the resonant peak of bulk viscosity is around
that temperature. However, the nonmonotonic behavior
of C2/B as a function of density is more dramatic for the
IUF EoS than for DD2, so it competes with the rapidly
rising inverse compressibility as density increases, lead-
ing to two minima in the dissipation time. The first is
at low density, where the nuclear inverse compressibil-
ity is decreasing rapidly as the density decreases to the
lowest value for which we trust our equation of state,
n = 0.5nsat. There, energy dissipation can occur in as
little as 5 ms. There is also a local minimum around
n = 2nsat, where the bulk viscosity prefactor C2/B has
a local maximum (see Fig. 3(b)) and dissipation times
reach down to 19 ms. For the IUF EoS, dissipation oc-
curs on merger timescales in fluid elements up to four
times saturation density, in contrast to the behavior of
DD2.
It is interesting to compare the Fermi Surface approx-
imate results (Fig. 7) and the exact results (Fig. 6) for
each EoS. For DD2, the use of the exact Urca rates just
increases the total Urca rate and thus the bulk viscosity
is maximized at a lower temperature than would be pre-
dicted by the Fermi Surface approximation. For IUF, the
Fermi Surface approximate result would predict a sharp
change in the behavior of the bulk viscosity at the di-
rect Urca threshold, n = 4nsat (for a generic example of
this behavior, see Figure 1 in [22]). However, at the tem-
peratures of interest to us the exact Urca rates show a
gradual increase with density and thus the bulk viscosity
does not change suddenly at the threshold density.
D. Higher frequency oscillations
There is evidence from simulations [49–55] (see also the
review [56]) that eccentric binary neutron star mergers
excite oscillations at frequencies above 1 kHz. We plot
the dissipation times for 3 kHz and 5 kHz oscillations
in Figs 8 and 9. We see that at these higher frequencies,
bulk viscosity plays a bigger role, and density oscillations
can be damped in as little as 1 ms, and for a broad range
of temperatures and densities, oscillations can be damped
in under 25 ms.
We note that, at a given density, a higher temperature
is required to make the reequilibration rate γ match a
density oscillation which has a frequency above 1 kHz,
and thus the region of maximum bulk viscosity is moved
to higher temperatures. For example, a 5 kHz density os-
cillation has maximum bulk viscosity (and thus minimum
damping time) at about T = 4 MeV (see Fig. 9), while a
1 kHz density oscillation has maximum bulk viscosity at
around T = 3 MeV (see Fig. 6).
VI. CONCLUSIONS
We have calculated the bulk-viscous dissipation time
in nuclear matter at temperatures and densities relevant
to neutron star mergers. We assumed the material was
transparent to neutrinos, which should be valid for tem-
peratures up to about 5MeV, and we studied the damp-
ing of oscillations with frequencies in the 1 kHz range,
which are seen in simulations of mergers. The main un-
certainty in our result is the form of the nuclear matter
equation of state at supranuclear densities, so we per-
formed calculations for two different equations of state,
one stiffer, DD2, and one softer, IUF, which differ in
their treatment of the nucleon-meson interaction (see
Sec. VA). Our main results are displayed in Fig 6.
Bulk viscous damping will play a significant role at
densities and temperatures where the dissipation time
is comparable to or less than the typical timescale of the
merger, which is in the range of tens of milliseconds. Both
equations of state show a similar overall pattern: bulk
viscosity damps oscillations on timescales comparable to
a merger for nuclear matter at temperatures of 2-4MeV
and for densities between 0.5nsat to 2nsat, with IUF also
exhibiting fast damping for densities up to 4nsat. Both
EoSs have minimum dissipation times of about 5 ms, oc-
curring at 0.5nsat, while IUF has another local minimum
of dissipation time, about 20 ms, occurring at 2nsat. The
occurrence of dissipation times in the 10ms range leads
us to conclude that bulk viscous damping should be seri-
ously considered for inclusion in future simulations. The
strong dissipation that we see at low density may be rel-
evant to the density oscillations that were found to be
associated with mass ejection in the outer regions of the
merger (See Fig. 9 of Ref. [57]).
There are several directions in which this topic could
be further developed. In parallel with this work, an anal-
ogous calculation of the bulk viscosity for nuclear matter
with trapped neutrinos was conducted [58]. This is ap-
propriate for nuclear matter at temperatures well above
5MeV, and is relevant to mergers because temperatures
up to 80 or even 100MeV are predicted by simulations.
It should be noted that the neutrino-transparent and
neutrino-trapped regimes are the simplified extremes of
a continuum, the whole of which is probably realized at
different regions and stages of a merger. Between these
extremes lies the regime where the spectrum of neutri-
nos includes a low energy population that escapes, a high
energy tail that is trapped, and an intermediate energy
range where the mean free path is comparable to the dis-
tance scale of the fluid flows, requiring explicit inclusion
of neutrinos in the dynamics of the nuclear fluid [59–64].
Another limitation of our calculation is the assump-
tion of low-amplitude density oscillations. We calcu-
lated the “subthermal” bulk viscosity, but simulations
show high amplitude density oscillations [13] for which
the suprathermal bulk viscosity [27] is relevant. This
could extend the region of large bulk viscosity down
to lower temperatures, since suprathermal effects allow
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Figure 8: Dissipation time scale for 3 kHz oscillations in nuclear matter with the DD2 EoS (a) or IUF EoS (b). The
exact Urca rates are used.
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Figure 9: Dissipation time scale for 5 kHz oscillations in nuclear matter with the DD2 EoS (a) or IUF EoS (b). The
exact Urca rates are used.
high-amplitude oscillations to experience the maximum
bulk viscosity ζmax (Eq. 23) at lower temperatures [27].
Our discovery of short bulk-viscous dissipation times
at densities below nuclear saturation density, primarily
due to the low inverse compressibility, underscores the
need for a detailed understanding of the structure of nu-
clear matter below saturation density. The DD2 and IUF
EoSs predict uniform nuclear matter down to densities of
0.25 to 0.4 nsat respectively, which is why we restricted
our calculations to densities above 0.5nsat. However, a
sequence of mixed “pasta” phases has been predicted at
densities between 0.2 and 0.7 nsat [65–69]. It has been
noted [70, 71] that the appearance of free protons in cer-
tain pasta phases would open up the direct Urca pro-
cess, albeit with such a reduced rate that it would take
temperatures of tens of MeV—which is well above the
pasta melting temperature of a few MeV [72]—to reach
the resonant peak of bulk viscosity. Thus, it is impor-
tant to know how and at what densities and tempera-
tures nuclear matter transforms from a uniform phase
to a mixed phase. Based on our findings above, we ex-
pect subthermal bulk viscosity to be large for these low
densities, down to the density at which uniform nuclear
matter transitions to a pasta or spherical nuclei phase.
As mentioned in section II, we did not consider Urca
processes involving muons, and did not include muons in
11
the EoSs. The presence of muon Urca processes would
increase the equilibration rate γ for densities at which
muons are present. In addition, muon-electron conver-
sion would give rise to a separate contribution to the bulk
viscosity [73]. The calculation of bulk viscous damping
time in Ref. [13] uses EoSs that contain muons. Above
the onset density for muons the nuclear matter suscepti-
bilities are larger, which would lead to larger bulk viscos-
ity and thus shorter dissipation times compared to the
muonless EoSs considered in this work. We are therefore
planning to perform a full study of bulk viscous dissipa-
tion in EoSs that include muons.
There is evidence that properly including in-medium
effects in the nucleon propagator can lead to a large in-
crease in the modified Urca rate just below the direct
Urca threshold [74]. We have not included this in our
analysis, but it could potentially lead to a shift of the
resonant peak of bulk viscosity to lower temperatures for
a range of densities near the direct Urca threshold.
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Appendix A: Adiabatic and isothermal oscillations
Most previous works use the isothermal susceptibilities
BT = − 1
nB
∂µ∆
∂xp
∣∣∣∣
nB ,T
, (A1)
CT = nB
∂µ∆
∂nB
∣∣∣∣
xp,T
, (A2)
often only considering the zero temperature case[24, 27,
29, 32, 70]. As discussed in section III B, because thermal
equilibration is so slow in neutrino-transparent nuclear
matter in merger conditions, we must use the adiabatic
susceptibilities
B = − 1
nB
∂µ∆
∂xp
∣∣∣∣
nB ,s/nB
, (A3)
C = nB
∂µ∆
∂nB
∣∣∣∣
xp,s/nB
. (A4)
Note that at zero temperature, adiabatic and isother-
mal quantities become equivalent[43, 75]. Often, it is
convenient to work with thermodynamic derivatives at
constant temperature T , or baryon density nB , or pro-
ton fraction xp. In particular, these three variables are
the degrees of freedom in the CompOSE database of EoSs
[44]. Using a Jacobian coordinate transformation [75], we
can relate adiabatic derivatives (derivatives at constant
entropy per baryon) to isothermal derivatives. The adia-
batic susceptibility derivatives are related to the isother-
mal susceptibility derivatives by
∂µ∆
∂nB
∣∣∣∣
s/nB ,xp
=
∂µ∆
∂nB
∣∣∣∣
T,xp
−
∂(s/nB)
∂nB
∣∣
T,xp
∂µ∆
∂T
∣∣
nB ,xp
∂(s/nB)
∂T
∣∣
nB ,xp
(A5)
∂µ∆
∂xp
∣∣∣∣
s/nB ,nB
=
∂µ∆
∂xp
∣∣∣∣
T,nB
−
∂(s/nB)
∂xp
∣∣
T,nB
∂µ∆
∂T
∣∣
nB ,xp
∂(s/nB)
∂T
∣∣
nB ,xp
.
(A6)
The isothermal compressibility is
κ−1T = nB
∂P
∂nB
∣∣∣∣
xp,T
(A7)
and the adiabatic compressibility is given by
κ−1S = nB
∂P
∂nB
∣∣∣∣
xp,s/nB
. (A8)
The adiabatic derivative can be obtained from the
isothermal derivative by
∂P
∂nB
∣∣∣∣
s/nB ,xp
=
∂P
∂nB
∣∣∣∣
T,xp
−
∂(s/nB)
∂nB
∣∣
T,xp
∂P
∂T
∣∣
nB ,xp
∂(s/nB)
∂T
∣∣
nB ,xp
. (A9)
Above nsat, the adiabatic and isothermal derivatives
are within 25% of each other for all temperatures con-
sidered here. For nuclear matter that is below nsat with
T > 5MeV, there are noticeable differences between the
isothermal and adiabatic suseptibility C and the com-
pressibility κ. The susceptibility B is not sensitive to
differences between adiabaticity and isothermality (the
differences are below 10%).
Below nsat, the adiabatic C is greater than the isother-
mal C by as much as a factor of 2.5 (DD2) or 5.5 (IUF).
These large differences are at temperatures above 5MeV.
Thus, the adiabatic C2/B is larger than the isothermal
version by factors of up to 6 (DD2) or 30 (IUF). However,
these large differences occur at low densities (≈ 0.5nsat)
and high temperatures (T ≈ 10MeV) where the bulk vis-
cosity is small anyway, since the equilibration rate γ is
much faster than a 1 kHz density oscillation. In the re-
gions where bulk viscosity is large, the difference between
adiabatic and isothermal susceptibilities is at most a fac-
tor of 2 in the quantity C2/B.
At the densities and temperatures where bulk viscos-
ity is large, the isothermal compressibility is at most
20% larger than the adiabatic compressibility, which
means that adiabatic density oscillations would lose en-
ergy slightly more slowly than isothermal density oscil-
lations. At densities below nsat and temperatures above
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5MeV, the isothermal compressibility can be up to 40%
(DD2) or 80% (IUF) larger than the adiabatic value, but
the bulk viscosity is too small for fluid elements under
these conditions for this to matter.
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